Viruses from the family Iflaviridae are insect pathogens. Many of them, including slow bee paralysis virus (SBPV), cause lethal diseases in honeybees and bumblebees, resulting in agricultural losses. Iflaviruses have nonenveloped icosahedral virions containing single-stranded RNA genomes. However, their genome release mechanism is unknown. Here, we show that low pH promotes SBPV genome release, indicating that the virus may use endosomes to enter host cells. We used cryo-EM to study a heterogeneous population of SBPV virions at pH 5.5. We determined the structures of SBPV particles before and after genome release to resolutions of 3.3 and 3.4 Å, respectively. The capsids of SBPV virions in low pH are not expanded. Thus, SBPV does not appear to form "altered" particles with pores in their capsids before genome release, as is the case in many related picornaviruses. The egress of the genome from SBPV virions is associated with a loss of interpentamer contacts mediated by N-terminal arms of VP2 capsid proteins, which result in the expansion of the capsid. Pores that are 7 Å in diameter form around icosahedral threefold symmetry axes. We speculate that they serve as channels for the genome release. Our findings provide an atomic-level characterization of the genome release mechanism of iflaviruses.
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electron microscopy | uncoating | honeybee | structure | virus T he family Iflaviridae includes arthropod pathogens, some of which infect economically important insects such as western honeybees (Apis mellifera), bumblebees, and silkworms (1) . The iflavirus slow bee paralysis virus (SBPV) was identified in 1974 in the United Kingdom as a causative agent of honeybee colony mortality (2, 3) . The related iflaviruses deformed wing virus and varroa destructor virus are found worldwide and, in combination with the ectoparasitic mite Varroa destructor, cause collapses of honeybee colonies (4) . Despite the efficient transmission of SBPV by Varroa destructor (5), it only rarely causes disease in honeybees. However, it is common in bumblebees and solitary bees, whereas honeybees are probably an accidental secondary host (6) . Honeybees are vital for agricultural productivity (7) and for maintaining the biodiversity of wild flowering plants (8) . Furthermore, bumblebees and solitary bees are also important pollinators of specific commercial crops (3) .
The family Iflaviridae belongs, together with Dicistroviridae and Picornaviridae, to the order Picornavirales of small nonenveloped viruses. The viruses from the family Iflaviridae have icosahedral capsids containing positive-sense ssRNA genomes about 9,500 nt long (9) . These genomes encode a single polyprotein that is cotranslationally and posttranslationally cleaved into functional subunits. The capsid proteins originating from one polyprotein form a protomer-the basic building block of the capsid. The entire capsid consists of 60 such protomers, each of them composed of capsid proteins VP1-3, arranged in 12 pentamers (10) . VP1 subunits are clustered around fivefold axes, and VP2 and VP3 form hetero-hexamers around icosahedral threefold axes. Unlike in the related picornaviruses and dicistroviruses, capsid protein VP3 of SBPV contains a C-terminal extension that folds into a globular protruding (P) domain positioned at the virion surface (10) (11) (12) (13) . At neutral pH, the P domains form "crowns" on the virion surface around each fivefold axis of the virus. However, the P domains can shift 36 Å toward the threefold axes in a different solution composition. The P domain consists of a central twisted antiparallel β-sheet surrounded by shorter β-sheets and α-helix. The P domain contains an Asp-His-Ser catalytic triad that is, together with the four surrounding residues, conserved among iflaviruses. These residues may participate in receptor binding or provide the protease, lipase, or esterase activity required for the entry of the virus into the host cell (10) .
Virus capsids have to be stable and compact to protect the virus RNA genome in the extracellular environment. However, the capsids also need to allow genome release at the appropriate moment after the contact of the virus with its host cell. Whereas there is limited information about the cell entry of iflaviruses, the related picornaviruses that infect vertebrates have been extensively studied as models for nonenveloped virus genome delivery. Picornaviruses usually enter the host cells by receptor-mediated endocytosis (14) . The acidic environment of the endosomes triggers the uncoating of some picornaviruses, including minor group rhinoviruses (15, 16) . In contrast, major group rhinoviruses, which use receptors from the Ig superfamily, are stable at low pH and their genome release requires receptor binding (17, 18) . Regardless of the trigger mechanism, enterovirus genome release is preceded by the formation of an uncoating intermediate called the altered (A) particle that has an expanded capsid with pores, N termini of VP1 subunits exposed at the Significance Here, we present a structural analysis of the genome delivery of slow bee paralysis virus (SBPV) that can cause lethal infections of honeybees and bumblebees. The possibility of blocking virus genome delivery would provide a tool to prevent the spread of this viral pathogen. We describe the three-dimensional structures of SBPV particles in a low-pH buffer, which imitates the conditions that the virus is likely to encounter after cell entry. The low pH induces a reduction in the contacts between capsid proteins and a formation of pores within the capsid that may serve as channels for the genome release. Our work provides a structural characterization of iflavirus genome release.
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This article contains supporting information online at www.pnas.org/lookup/suppl/doi:10. 1073/pnas.1616562114/-/DCSupplemental. particle surface, and released VP4 subunits (19) (20) (21) (22) (23) (24) . Amphipathic sequences from the N termini of VP1 and myristoylated VP4 subunits interact with endosome membranes and enable the delivery of enterovirus genomes into the cell cytoplasm (25) (26) (27) . It has been previously proposed that the enterovirus genome leaves the capsid via a pore located at a twofold icosahedral axis (19) (20) (21) . The resulting empty capsids are conventionally referred to as B particles (19) . Acidic pH in the endosomes also induces the genome release of the aphthoviruses foot and mouth disease virus (FMDV) and equine rhinitis A virus (ERAV) (28) (29) (30) . However, aphthovirus genome release is not connected to capsid expansion or the formation of stable openings in the capsid. Furthermore, FMDV and ERAV empty capsids rapidly dissociate into pentamers after the genome release (28) (29) (30) .
Genome release has also been studied for a triatoma virus (TrV), a member of the insect virus family Dicistroviridae. Cryo-EM reconstructions of genome-containing and empty TrV particles determined to resolutions of 15-22 Å demonstrated that the TrV empty particles are very similar to the native virions. After the genome release, the empty TrV capsids rapidly disassemble into pentamers (13) .
Delivery of the genome into the cell cytoplasm constitutes a critical step in the life cycle of positive-sense ssRNA viruses. However, molecular details underlying the uncoating of iflaviruses are currently unknown. To describe the genome release mechanism of SBPV, we used cryo-EM to determine the structures of SBPV particles in a low-pH buffer mimicking conditions that the virus is likely to encounter during cell entry. By comparing the structures of full and empty particles, we determined that iflaviruses use an uncoating mechanism distinct from that of picornaviruses and dicistroviruses.
Results and Discussion
Low pH Induces SBPV Genome Release. The exposure of SBPV to pH 5.5 or lower induces a gradual release of the RNA genome from the virions (Fig. 1) . Similar effects were previously described for the iflavirus sacbrood virus and several picornaviruses (31) (32) (33) . The induction of genome release under acidic conditions implies that SBPV uses endosomes for cell entry (14) . Alternatively, SBPV virions might be endocytosed, escape the endosomes, and subsequently uncoat in the cytoplasm. The nonphysiological pH 3.5 induced precipitation of SBPV particles that subsequently could not be observed in the cryo-EM images (Fig. 1A) . Only 30-50% of SBPV virions released their genomes in the in vitro low-pH conditions (Fig. 1B) . It is possible that the binding of SBPV to currently unknown receptors in vivo might increase the efficiency of the genome release. The effect of the low pH on SBPV genome release was further verified by the observation that SBPV virions in a buffer with pH 5.5 release their genomes at 52.5°C, whereas those in buffer with neutral pH at 54.2°C (Fig. 1C) . Thus, the stability of SBPV virions is similar to that of previously studied vertebrate picornaviruses (19, 22, 34) .
SBPV Does Not Form A Particles Before Genome Release. The exposure of SBPV to pH 5.5 for 18 h resulted in a mixed population of full virions and empty particles (Fig. 1A) . Reconstructions of the two forms were determined independently to resolutions of 3.3 and 3.4 Å, respectively ( Fig. 2 and Table S1 ). The quality of the cryo-EM map was sufficient to enable the virion structure to be built, except for residues 1-12, 181-193, and 246-266 of VP1; [191] [192] [193] [194] [195] [196] [197] [198] [199] [200] [201] , and 261 of VP2; and 1, 73-75, 218-221, and 267-431 of VP3. The structure of the low-pH genome-containing virion is nearly identical to that of the neutral pH SBPV virion, which was characterized previously by X-ray crystallography ( Fig.  2 C and D) (10) . The rmsd of the corresponding Cα atoms of the two structures is 0.67 Å. The major capsid proteins VP1-3 have jellyroll β-sandwich folds with β-strands named according to the picornavirus convention B to I (Fig. 2H, Fig. S1 , and Movie S1) (35) . The two antiparallel β-sheets forming the β-sandwich fold contain the strands BIDG and CHEF. The loops are named according to the secondary structure elements they connect. The differences between the native and low-pH virion structures are restricted to the loops of the capsid proteins exposed at the particle surface, some of which are not resolved in the cryo-EM map of the low-pH virus (Fig. 2H) . Subunit VP3 of SBPV has a C-terminal extension that forms a globular P domain (Figs. 2 A, B , and H, and 3). It was shown previously that the P domains can occupy different locations at the virion surface (10) . In agreement with one of the SBPV structures determined previously by X-ray crystallography, the P domains in the cryo-EM reconstruction are located close to the fivefold axes and form "crowns" at the virion surface ( Fig. 2 A-E) . However, the volumes of the cryo-EM electron density map corresponding to the P domains lack highresolution details, most likely because the P domains can attach to different positions at the capsid surface. This results in a smearing of the high-resolution details of the map (Fig. 2 D and E) , because the reconstruction process depends on an averaging of the images of many particles. Three-dimensional classification of images of full SBPV virions at pH 5.5 did not identify a subclass of particles with expanded capsids. Therefore, unlike in many picornaviruses (16, 24) , the exposure of SBPV virions to pH 5.5 did not induce the transition of the virions to the A form.
The GH loop of SBPV subunit VP2, which harbors an RGD motif, is disordered in the low-pH virion structure (Fig. 2H) . The RGD sequence enables proteins to bind to integrins (36) , which are used as receptors by several viruses (37, 38) . We previously speculated that SBPV may use integrins to infect honeybee cells (10) . The low-pH-induced flexibility of the GH loop might enable the virus to detach from the integrin receptor after it enters the endosome. This could be required for subsequent interaction of the virion with the membrane of the endosome and delivery of the virus genome into the cell cytoplasm. Other parts of capsid proteins that contain residues that are not resolved in the low-pH virion structure are the BC, GH, and HI loops of VP3 and the N terminus and GH loop of VP1 (Fig. 2H) .
Structure of the Genome in SBPV Virions at Neutral and Low pH.
Although structures of the SBPV capsids at pH 6.5, determined by X-ray crystallography (10), and 5.5, determined by cryo-EM, are similar, there are differences in the distribution of the genomic RNA inside the particles (Fig. 2 C and D) . The genome of SBPV is a 9,500-nt-long ssRNA molecule that cannot entirely obey the icosahedral symmetry of the capsid. However, both X-ray crystallography and single-particle reconstruction used for SBPV structure determination use the icosahedral symmetry of the capsid that provides the dominant signal in the experimental data. Therefore, both the cryo-EM and crystallographic electron density maps contain information about the icosahedrally symmetrized distribution of the genome. In the neutral-pH SBPV structure, the RNA is distributed uniformly within the capsid cavity (Fig. 2C) . It was previously speculated that the disordered N-terminal parts of major capsid proteins VP1-3 of picornaviruses, which carry positively charged residues, are in direct contact with the genome (20) . However, the N termini of the capsid proteins are fully determined in the crystal structure of SBPV (10) , whereas the details of the RNA structure are not even partially resolved (Fig. 2C) . Therefore, the SBPV genome appears to be folded in the lumen of the capsid without specific interactions with the surrounding capsid proteins. In contrast, in the low-pH SBPV virion structure, the RNA density is accumulated in a spherical shell with a radius of 110-90 Å and in a central part of the virion within a sphere with a radius of 80 Å (Fig. 2D) . These two regions are separated by a spherical shell 90-80 Å in diameter with a lower RNA density. The SBPV RNA does not appear to form specific contacts with the capsid, similar to the previously studied A particles of enteroviruses (22, 39) . No particles in the process of RNA release were observed in the cryo-micrographs of low-pH SBPV. Therefore, we speculate that the genome release from SBPV virion is stochastic and rapid with only short-lived genome release intermediates. The conformational changes of the capsid associated with the genome release (Fig. 3) , described in detail below, result in alterations in the distribution of charge on the inside of the capsid (Fig. 4) . Whereas the areas around the icosahedral threefold axes on the inside of the capsid are strongly negatively charged in the genome-containing virions, they become neutral in the empty particle (Fig. 4) . The changes in the distribution of the RNA induced by the low pH and the alteration of charge distribution within the capsid might facilitate the release of the genome from the SBPV virion. The structure of the P domain is shown in semitransparent gray. The structure of SBPV virion at pH 5.5 is shown in magenta, and that of the empty particle at pH 5.5 is in gray. Parts of the capsid proteins with the largest structural differences among the three structures are highlighted in the native virion in cyan.
Genome Release Is Associated with Formation of Pores at Threefold
Axes of SBPV Capsid. The genome release of SBPV results in the formation of empty particles that are expanded compared with the native virions (Figs. 2 A and B, and 3) . The radius of the particle, measured as the distance of the center of mass of a protomer from the particle center, changes from 133 Å in the native virus to 136 Å in the empty low-pH particle. Accordingly, the volume of the capsid increases from 6.4 × 10 6 to 7.2 × 10 6 Å 3 . The expansion of the capsid is achieved by movements of the capsid proteins VP1, VP2, and VP3 3.7, 2.6, and 3.1 Å away from the particle center, respectively (Fig. 3) . In addition, the subunits VP1, VP2, and VP3 rotate 3.1°, 1.7°, and 1.9°, respectively. These shifts and rotations are approximately one-half of those previously reported for the conversion of enteroviruses to A particles (19, 20) . The rotations together with small conformational changes to residues located at the periphery of the pentamers allow the capsid proteins to remain in contact after the expansion of the capsid.
The expansion of the SBPV capsid is connected to a loss of structure of the first 35 residues from the N terminus of VP2 (Fig. 5 A and B) . The strands β1 and β2 of VP2, which in the native virion mediate contacts between pentamers of capsid protein protomers by extending the β-sheet CHEF of VP3 from the neighboring pentamer, are not resolved in the empty SBPV particle (Fig. 5 A and C) . Furthermore, residues 218-221 of VP3 that form part of the interpentamer interface in the native virus are not structured in the empty particle (Fig. 5B) . The conformational changes of the SBPV capsid linked to the genome release result in a reduction of the interpentamer contacts from 2,800 to 1,200 Å 2 , which corresponds to a 68% decrease in the buried surface area (Fig. S2) . The loss of the structure of the N-terminal arm of VP2 accounts for the removal of 800 Å 2 of the buried surface area of the interface. In contrast, the contacts within the protomer and within the pentamer are only reduced by 25 and 14%, respectively (Fig. S2) . The reduction in the interface areas cannot be directly converted to binding energies, but the restricted interpentamer contacts indicate that the expanded SBPV particles are less stable than the native virions.
The movements of the capsid proteins away from the particle center and reduction in the interpentamer interfaces result in the formation of pores around icosahedral threefold axes of the SBPV capsid (Figs. 4 and 5 E and F) . Besides the subunit movements, the pores are enlarged by conformational changes of residues 126-129 from the DE loop and 221-224 from the HI loop of VP2 and 136-141 from the DE loop and 223-225 from the HI loop of VP3 that are located around the threefold axis ( Fig. 5 E and F) . Upon particle expansion, the loops move away from the threefold axis, giving rise to a 7-Å-diameter pore (Fig.  5F ). The size of the pore is not sufficient to allow the release of ssRNA, which would require an aperture about 10 Å in diameter. However, the loops of capsid proteins located around the threefold axis are more flexible (average temperature factor, 70 Å 2 ) than the rest of the capsid (average temperature factors, 50 Å 2 ). Therefore, the loops at the border of the channels located at threefold axes might fold back and expand the pore as necessary for the release of the genome. Two additional small openings 1-2 Å in width are formed at the interface between the pentamers (Fig. 5H) . In contrast, there are no pores in genomecontaining SBPV virions both under neutral-and low-pH conditions (Fig. 5G) . Because of their small size, the pores at the interface between the pentamers are unlikely to be channels for RNA egress. In addition, in some parts of the capsid the pores might be obscured by the N termini of VP2 subunits, which are not visible in the averaged cryo-EM reconstructions of the empty SBPV particles.
The strand β3 that extends the β-sheet BIDG of the VP2 subunit is not structured in the empty particle, whereas it interacts with Glu-2 and Arg-3 from the N terminus of VP1 in the virions (Fig. 5D ). The loss of the structure of the VP2 β3 strand might contribute to alterations in the structure of the N terminus of VP1 as discussed below.
Several surface loops are not resolved in the cryo-EM electron density map of the empty particles, similar to the structure of full SBPV virions at pH 5.5 (Fig. 2H) . However, the GH loop of VP3 (residues 185-210) has a different conformation in the empty particle than in the native virion, whereas it is partially disordered in the low-pH virion structure (Fig. 2H) . The neutral-pH structure of the loop is stabilized by interactions with the C terminus and EF loop of VP1 and the GH loop from VP2 subunits from the neighboring icosahedral asymmetric unit. Residues 198-205 of the loop are disordered in the low-pH virion structure (Fig. 2H) . However, in the empty particle, the GH loop is structured and interacts with the CD loop and α2 from the same VP3 subunit and with DE and FG loops of VP1 from the neighboring icosahedral asymmetric unit. Therefore, the GH loop might stabilize interactions within the pentamer of capsid protein protomers. Similar to the low-pH SBPV virion structure, the high-resolution details are not resolved in the P-domain region of the cryo-EM map of the empty particle (Fig. 2 D and E) . SBPV Virions Do Not Have Liposome-Disrupting Activity. During cell entry, nonenveloped viruses have to breach a biological membrane to deliver their genomes to the cell cytoplasm. Previously, it has been shown that both myristoylated and unmodified VP4 minor capsid proteins (which are 60-80 residues long) of several picornaviruses and dicistroviruses can induce the lysis of liposomes (26, 40, 41) . In contrast, the VP4 subunits of SBPV have been predicted to be only 20 residues long, and lack the myristoylation signal sequence (42) . In silico analysis predicts that residues 4-21 of VP4 of SBPV form an amphipathic α-helix in which the polar and hydrophobic residues are segregated to the opposite sides ( Fig. S3A) (43, 44) . Helices with this type of charge distribution have been shown to interact with membranes (45) . Nevertheless, electron density corresponding to the VP4 subunits could not be identified in the SBPV virion structures (10) . Furthermore, mass spectrometry analysis [liquid chromatography-tandem mass spectrometry (LC-MS/MS)] shows that the SBPV virions contain at least some subunits in which VP4 was not cleaved from the N terminus of VP3 (Fig. S4) . Therefore, it is not clear whether the VP4 peptides contribute to the delivery of the SBPV genome across the biological membrane.
We suggested previously that the P domains of SBPV and several other iflaviruses contain a putative catalytic triad Asp300-His283-Ser284 that might have esterase, protease, glycosidase, or lipase activity (10) . However, in this study, the membrane lytic activity of SBPV could not be detected under neutral-or low-pH conditions on liposomes composed of phosphatidylcholine, phosphatidyl-ethanolamine, lysophosphatidyl-choline, sphingomyelin, phosphatidyl-serine, and phosphatidyl-inositol (Fig. S3B) . Thus, we can now exclude the possibility that the putative active site in the P domain cleaves the abovementioned lipids.
Comparison of Genome Release of Iflaviruses, Picornaviruses, and Dicistroviruses. Conformational changes of capsids associated with genome release were previously studied for viruses from the families Picornaviridae and Dicistroviridae (13, 19-21, 30, 39) . There are functionally important differences between the two families as well as with the genome release mechanism of SBPV described here. The uncoating of enteroviruses from the family Picornaviridae is preceded by the formation of expanded A particles (19) (20) (21) 23 ). The A particles contain two types of pores located at twofold and between twofold and fivefold symmetry axes of the capsids, have N termini of VP1 subunits exposed at the virion surface, and spontaneously release VP4 subunits (46, 47) . The formation of enterovirus A particles is characterized by the movement of α3 helixes from the VP2 subunits away from the icosahedral twofold axis, which results in the formation of a 9 × 20-Å pore (22, 39) . In contrast, the α3 helices of VP2 subunits remain tightly associated in the SBPV empty capsid (Fig. 5 I and  J) . The buried surface area between the two SBPV helices α3 is 800 Å 2 in the native virus and 600 Å 2 in the empty particle. The N-terminal regions of VP1 subunits of enteroviruses contain sequences, which were proposed to form amphipathic α-helices that disrupt endosome membranes, and together with VP4 subunits enable translocation of the virus genome to the cytoplasm (26, 27, 41) . Twelve residues from the N terminus of SBPV VP1 become disordered upon genome release (Fig. 5 A and  B) . However, the disordered peptide is not sufficiently long to reach the surface of the capsid or to interact with a lipid bilayer (48) . In contrast, the disordered N termini of VP1 subunits of enteroviruses are about 60 residues long (19, 20) . Moreover, a pore at the base of the canyon, which was shown to be the site of the externalization of the N termini of VP1 subunits in coxsackievirus A16 (19, 22) , is not present in the empty particle of SBPV. Therefore, the structure of the SBPV empty particle together with the negative results of the liposome lysis experiment described above indicate that the N terminus of SBPV VP1 is unlikely to interact with membranes. The genome release of TrV from the family Dicistroviridae does not involve structural changes to the capsid before the genome release (13) . However, the empty Comparison of interactions of residues around threefold symmetry axis of the capsid in native SBPV (E) and empty low-pH particle (F). Electron density map is contoured at 1.5 σ.
Comparison of interface between pentamers of capsid protein protomers in SBPV virion (G) and empty particle (H). Interactions between α3 helices of VP2 subunits related by icosahedral twofold axis in SBPV virion (I) and empty particle (J).
capsids of TrV are compact and do not contain any pores that might serve as channels for genome release.
The conformational changes of iflavirus capsid associated with genome release are distinct from those of both picornaviruses and dicistroviruses. Specific features of SBPV genome release are the loss of structure of the N termini of VP2 subunits and the formation of pores around the threefold icosahedral axes of symmetry of the capsid. Unlike in enteroviruses, the contacts between VP2 capsid proteins close to the icosahedral twofold axes are retained in the empty SBPV particle. SBPV virions do not form A particles, and the genome appears to be released through pores located at the threefold axes.
Materials and Methods
The propagation of SBPV in honeybee pupae and subsequent purification were carried out as described previously (10) . Images were recorded in a FEI Titan Krios electron microscope operated at 300 kV with an FEI Falcon II camera. The particles were separated into two half-datasets for all of the subsequent reconstruction steps to follow the "gold-standard" procedure for resolution determination (49) . Three-dimensional refinement was carried out using the 3dautorefine procedure of RELION (50) .
